DNA gyrase catalyses ATP-dependent negative supercoiling of closed circular duplex DNA and is an essential enzyme in Escherichia coli (Gellert et al., 1976; Cozzarelli, 1980; Gellert, 1981) . It actively maintains the supercoiled state of bacterial DNA and is involved in DNA replication, transcription and recombination. The enzyme acts by passing a duplex DNA segment through a transient enzyme-bridged double-stranded break in DNA. This DNA strand passage event is the salient mechanistic feature that explains how gyrase introduces or removes supercoils changing the linking number in steps of two, and mediates the linking/unlinking of DNA rings and tying/untying of knots in circular DNA Mizuuchi et al., 1980; Krasnow & Cozzarelli, 1982) . DNA supercoiling by gyrase is inhibited by two different families of anti-microbial agents, the quinolone carboxylic acids, e.g. oxolinic acid, and coumermycin and its derivatives (Gellert, 1981) . That gyrase is the target for these drugs has greatly aided both physiological and mechanistic studies of the enzyme.
E. coli DNA gyrase, perhaps the best characterized DNA topoisomerase, is an A,B, complex of M , 380 000 (Gellert, 1981) . The A-subunit, encoded by gyrA, governs resistance to quinoline inhibitors, while the Bsubunit, the product of gyrB, determines resistance to coumermycin and its derivatives. Experiments with inhibitors together with genetic studies suggest a division of labour in the supercoiling reaction, with the A-subunits mediating DNA breakage and rejoining, while the Bsubunits bind ATP and participate in energy transduction (Gellert, 1981) . Addition of oxolinic acid to the gyrase reaction followed by treatment with SDS induces DNA breakage at specific sites (Gellert et al., 1977; Sugino et al., 1977 Sugino et al., , 1978 . Breakage occurs with a 4bp stagger and results in covalent attachment of a gyrase A-subunit to each 5'-phosphate end of the break (Morrison & Cozzarelli, 1979; Sugino et al., 1980; Tse et al., 1980; Kirkegaard & Wang, 1981; Fisher et al., 1981) . Very little breakage is observed when oxolinic acid is omitted. It appears that the drug stabilizes a 'cleavable complex' of gyrase with DNA. The DNA cleavage reaction is of considerable interest because of its likely relevance to the gyrase reaction mechanism and because it identifies potential enzyme catalytic sites on DNA. Here we report an investigation using site-directed mutaAbbreviations used: SDS, sodium dodecyl sulphate; bp, base-pair(s); ampR, ampicillin resistant.
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Previous studies of DNA cleavage by gyrase have largely focused on sequence comparisons among sites (Morrison & Cozzarelli, 1979; Fisher et al., 1981; Kirkegaard & Wang, 1981; Lockshon & Morris, 1985) . Unlike type I1 restriction enzymes, DNA breakage does not occur at an invariant sequence. However, sequence comparisons have resulted in sets of 'rules' for site selection by gyrase in vitro (Morrison & Cozzarelli, 1979) and in vivo (Lockshon & Morris, 1985) . In a complementary approach, we chose to use site-directed mutagenesis to study in detail the major gyrase cleavage site from plasmid pBR322 (Fig. la) . Nuclease 'footprinting' experiments have demonstrated that gyrase protects a 2 120 bp DNA region at the site both in the presence and absence of oxolinic acid (Fisher et al., 1981) . A 40 bp region encompassing the cleavage sequence is especially well protected and the flanking DNA exhibits a deoxyribonuclease I protection pattern consistent with DNA wrapping on the outside of the enzyme in a positive superhelical coil (Liu & Wang, 1978a,b; Fisher er al., 1981; Kirkegaard & Wang, 1981; Morrison & Cozzarelli, 1981) . Given the intimate association of the 40 bp region with gyrase, we decided to examine the effects of point mutations within this DNA segment on gyrase cleavage. Gyrase cleavage of the PstI-linearized plasmid occurs at site A (the major pBR322 site) generating DNA fragments a' and a, and at sites B and C. Hybridization to a 752 bp PstI-EcoRI probe was used to locate these sites. Square bracket indicates the region deleted in plasmid pHB65. (Kalderon et al., 1982) . The dotted and full vertical lines denote the locations of gyrase breakage on the strand shown and on its complement, respectively. Asterisks indicate homology between the pBR322 site and a gyrase cleavage consensus sequence (Lockshon & Morris, 1985) . R denotes purine, Y pyrimidine; bases in parentheses depict secondary nucleotide preferences. Dashes indicate the absence of a specific nucleotide requirement.
Deletion loop mutagenesis
To facilitate mutagenesis experiments, the major gyrase binding site from pBR322 contained within a 403 bp AIuI fragment was subcloned using EcoRI linkers yielding the mini-pBR322 plasmid pLMF124 (Fig. Ib) . Mutations at this site were introduced by the deletion loop method of Kalderon et al. (1982) . Briefly, plasmids pLMF124 and pHB65 (an identical derivative carrying a 32 bp deletion encompassing the breakage region) were linearized with PstI and PvuI respectively. An equimolar mixture of these DNA samples was denatured and reannealed generating heteroduplex circles containing a 32 bp single-stranded region at the gyrase site. The DNA was treated with the single-strand-specific mutagen, sodium bisulphite, which deaminates cytosine to uracil, and used to transform E. coli K58, a uracil-repairdeficient mutant. Wild-type-size plasmids from ampR colonies were then transformed into E. coli RW1053 (ura+, recA bio gal Aatt) and their EcoRI inserts sequenced by the chemical sequencing method (Maxam & Gilbert, 1980) . The results of the sequence analysis are given in Fig. 2 .
As expected the mutagenesis procedure generated C -+ T and G + A nucleotide changes arising from mutation in either strand sense, and these were restricted to a region defined by the deletion in pHB65. Plasmids pHB216, 225, 243 and 309 possess nucleotide sequence changes at the actual site of staggered DNA breakage by gyrase.
D N A cleavage by gyrase at mutant sites
To examine gyrase cleavage at the altered sites, plasmids were linearized with PstI and the DNA incubated with purified gyrase A-and B-subunits in the presence of oxolinic acid. After the addition of SDS to induce DNA breakage and proteinase K treatment (to trim off covalently linked gyrA protein), the DNA was displayed by agarose-gel electrophoresis (Fig. 3) . Gyrase cleavage of PstI-cut pLMF124 occurs at three sites producing three pairs of DNA fragments (Fig. Ib, Fig. 3 ). Breakage occurs predominantly at A, the pBR322 site, generating fragments a and a'. The other DNA fragments arise from cutting at B and least efficiently at C. It is clear that nucleotide changes at A in pHB203, 204, 216, 218 and 225 had little or no effect on gyrase breakage. For three mutants, however, cleavage at A was markedly reduced (pHB205, 309) or abolished (pHB243). In none of the mutants was the nucleotide position of gyrase cutting affected (L. M. Fisher, H. A. Barot, M. E. Cullen & C. S. J. Hulton, unpublished work). As anticipated, gyrase cleavage at B and C was largely unaltered, providing a useful internal control. These results demonstrate that, within the 2 120 bp DNA segment that binds to gyrase, DNA sequences at the breakage site itself markedly affect the efficiency of gyrase cleavage.
We also investigated gyrase cleavage at the pBR322 site in vivo. Gyrase breakage sites on plasmids in vivo were mapped in the following way. Exponentially growing cultures of the plasmid-bearing E. coli K12 strain were treated briefly with oxolinic acid and then SDS was added to induce lysis and gyrase cleavage (O'Connor & Malamy, 1985) . Linear plasmid DNA arising from gyrase breakage was isolated, cut with Pstl and analysed by agarose gel electrophoresis (Fig. 4) . Four discrete DNA fragments were observed, consistent with gyrase breakage at sites A and C but not B on pLMF124. The lack of significant cutting at B may be due to ATP in the cell, as the addition of this cofactor to a gyrase cleavage reaction in vitro suppresses breakage at B (L. M. Fisher, H. A. Barot, M. E. Cullen & C. S. J. Hulton, unpublished work). The most prominent fragments a and a' identify the pBR322 site A as the major plasmid site in vivo. This assignment was confirmed by hybridization to a labelled PstI-EcoRI probe (Fig. Ib) and by direct sequencing of the gyrase produced end on fragment a'. Two other reports have mapped pBR322 sites in vivo, one study at low resolution (OConnor & Malamy, 1985) Effects of mutations at the pBR322 site on gyrase cleavage PstI-linearized plasmid DNA was subjected to gyrase cleavage in the presence of oxolinic acid (Fisher et al., 1981) . After incubation with proteinase K the DNA was run in an agarose gel. Numbers denote mutant plasmids (see Fig. 2 ), L identifies linear plasmid DNA, and a and a' are DNA fragments produced by cleavage at A, the major pBR322 site.
other using an indirect sequencing strategy (Lockshon & Morris, 1985) . Fig. 4 shows the mapping of gyrase breakage sites on plasmids bearing mutant pBR322 sites. Cleavage of pHB216 is similar to that of the wild-type plasmid, exhibiting no diminution of breakage at A, in line with observations in vitro. Moreover, two mutant plasmids, pHB243 and 309, shown to be defective in gyrase cleavage at A in vitro, are similarly defective in vivo, as evidenced by the lowered yield of fragments a and a'. These observations establish that in vivo as in vitro, a major Sequence-specific DNA breakage by gyrase in vivo DNA breakage of plasmid DNA in vivo was induced by lysing a log phase culture of a plasmid-bearing E. coli K12 strain with SDS in the presence of oxolinic acid (50pg/ml) (O'Connor & Malamy, 1985) . The DNA was purified, incubated with proteinase K, run out on a preparative low melting agarose gel and the linear plasmid band excised. The DNA was isolated, digested with PstI and displayed by agarose-gel electrophoresis. L denotes linear plasmid DNA, numbers refer to plasmids in Fig.  2 , and a and a' are marker fragments derived from PstI-cut plasmid DNA by DNA breakage at site A. The method of isolating linear plasmid resulted in co-purification of some linear E. coli chromosomal DNA. sequence determinant governing gyrase breakage lies at or adjacent to the cleavage site itself.
Discussion
The idea that cleavage determinants lie near the break site has been implied less directly by consensus sequence analysis. An initial examination of gyrase breakage led to a set of rules thought to govern site selection by gyrase (Morrison & Cozzarelli, 1979) . However, sites were subsequently discovered that do not obey these rules (Fisher et al., 1981; Kirkegaard & Wang, 1981; Morrison & Cozzarelli, 1981) . While our work was in progress, a study of 19 cleavage sites induced in vivo in pBR322 was reported, leading to a somewhat different consensus sequence (Lockshon & Morris, 1985) . This consensus which spans sequences including and immediately adjacent to the breakage site is shown in Fig. 2 . It can be seen that the major pBR322 cleavage sequence matches the 20 bp consensus almost exactly. The effects of specific mutations on cleavage at this site can therefore be compared with regard to the Lockshon and Morris 'rules'.
Mutations that lie outside the consensus region (in pHB203, 204) did not affect the efficiency of gyrase breakage (Figs. 2 4 ) . Furthermore, base changes that preserve the consensus (pHB216, 218, 225) also had no effect. In contrast the G + A transition in pHB309 does markedly reduce cleavage efficiency. According to the consensus 'rules' for cleavage, in at least one strand, the position 3' to the cut appears absolutely to require G. Similarly for the double mutant pHB243, mutation alters a conserved C 3' of the complementary strand break, abolishing cleavage. Analysis of this mutant is complicated however by a second C + T transition in the sequence. Interestingly, the double mutant site contained in pHB205 shares this mutation and exhibits diminished breakage, a result not formally predicted by the consensus sequence (Fig. 2) . We note however for the sites examined in vivo by Lockshon & Morris (1985) that T is the base found least frequently at the positions mutated in pHB205. Thus in general, our observations involving Vol. 14 mutant breakage sites are in accord with the consensus sequence.
How gyrase selects and cleaves particular sites on DNA is an important unresolved question. Binding of gyrase to DNA is known to involve wrapping around the enzyme of a 120-140bp DNA segment (Liu & Wang, 1978a, b; Klevan & Wang, 1980; Kirkegaard & Wang, 1981; Fisher et al., 1981; Morrison & Cozzarelli, 1981) . It has previously been suggested that positive DNA wrapping on the enzyme serves to ensure that negative supercoiling is produced by the strand passage reaction (Gellert, 1981) . Our results emphasize the importance in the cleavage reaction of the DNA sequence at and adjacent to the breakage site. The molecular basis underlying this sequence dependence, the role of flanking DNA regions of cleavage and their function in catalysis remain to be elucidated. The topology of DNA inside cells is governed by enzymes called DNA topoisomerases implicated in fundamental biological processes (for review see Gellert, 198 1; Drlica, 1984) . The DNA topoisomerases are classified as type I or 11 depending on the mechanisms of their action . The role of type I enzymes could be to relax while that of type I1 enzymes could be to supercoil their substrates, thus permitting a correct balance only when both types are present in the cell. Supercoiling is the characteristic reaction of DNA gyrase, the major type I1 topoisomerase of bacteria. Eukaryotic topoisomerases could also participate in the supercoiling activity (Glikin et al., 1984) . It was recently demonstrated that they assume an essential function at least in yeast (Goto & Wang, 1984) .
Inhibitors of trypanosome topoisomerases
Trypanosomes have special characteristics, such as the existence of a cell cycle through various hosts and a conspicuous abundance of kinetoplast DNA (kDNA). The metabolism of kDNA has been studied by biochemical methods and electron microscopy (Englund et al., 1982). Since kDNA consists of thousands of interlocked circular molecules, topological problems arise when its replication is taken into consideration. DNA topoisomerases have been implicated in the process and we have previously described a type I enzyme in Trypanosoma cruzi (Riou et al., 1983) . Recently we described an enzyme which is capable of decatenating the complex kDNA network of trypanosomes and catenating closed circular DNA molecules. This topoisomerase shares some properties with other eukaryotic type I1 topoisomerases, but its activity is not ATP-dependent (S. DoucRasy, A. Kayser, E. Multon & G. Riou, unpublished work).
Abbreviations used: kDNA, kinetoplast DNA; PEG, polyethylene glycol; NaDodSO,, sodium dodecyl sulphate; mAMSA, 4-(9-acridinylamino)-methanesulphon-o-anisidine.
The enzymes involved in DNA metabolism may offer targets for chemotherapy, especially in rapidly proliferating cells. Some trypanocidal drugs have been shown to inhibit the activity of trypanosomal topoisomerases in vitro (Douc-Rasy et al., 1984~) . Other drugs have now been tested in vitro before attempting to selectively inhibit the growth of the parasite in its host. In this work we report the action of different drug series on the decatenating and catenating reactions of trypanosome topoisomerase 11. Results are presented comparatively with those on trypanosome topoisomerase I inhibition.
Experimental procedures
Pur8cation of the topoisomerase. DNA topoisomerases were purified from either T . cruzi or T . equiperdum. T. cruzi was cultured in vitro and collected in the exponential phase of growth. T . equiperdum was inoculated into Wistar rats. A maximal parasitaemia was reached in 3 4 days when the blood was withdrawn. The purification steps were a polyethylene glycol (PEG) precipitation, followed by chromatographic fractionations on hydroxylapatite, phosphocellulose and DNA-cellulose (S. DoucRasy A. Kayser, E. Multon & G . Riou, unpublished work).
Assays of topoisomerase activities. Relaxation was assayed in 20 p1 samples containing 10 mM-Tris (pH 7.5), 50mM-KC1, lOmM-MgCI,, 0.5 mM-dithiothreitol, 0.5 mM-EDTA, 15 pg of albumin/ml and about 0. I pg of supercoiled DNA.
To circumvent the difficulty that DNA is supercoiled when intercalated drug is removed from relaxed DNA, we analysed the effect of such drugs by electrophoresis in gels containing 18 phi-chloroquine. Electrophoretic mobility of the topoisomers was modified. Native DNA appeared as a pattern of discrete bands. DNA relaxed in the presence of drug appeared as a band pattern moving as drug concentration was increased until it was finally frozen in the original state when enzyme was inhibited (Douc-Rasy et al., 1983a .
Decatenation was assayed using kDNA from T. cruzi as substrate (0.1 pg). One unit decatenated half of the
